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Abstract: An experimental study on the effect of active flow control using a synthetic jet mechanism on stall delay for
the NACA 0020 airfoil is conducted. The experiments are carried out at an open-suction type wind tunnel at Reynolds
number 5x10% In the presented experimental study, aerodynamic force measurements of the airfoil with having
different orifice geometries (cylindrical, rectangular, sinusoidal, v-type, inclined rectangular) are examined by using a
speaker type actuator in synthetic jet mechanism. It is observed that all different orifice geometries are effective in
delaying the stall angle of NACA 0020 airfoil. However, it is observed that the inclined rectangular type of synthetic
jet geometry is the most advantageous in delaying the stall of the airfoil. The effects of geometric parameters of the
actuator on lift and drag coefficient of the NACAO0020 airfoil are investigated. Experimental results show that among
the all-orifice geometries the rectangular orifice geometry is the most effective in increasing lift coefficient of the airfoil.
It is observed that there is a maximum decrease in drag at 10° where the stall occurs. In addition, the decrease in drag
is observed after 10° in rectangular, v-type and inclined rectangular orifice geometries.
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FARKLI DELIK GEOMETRISINE SAHIP SENTETIK JET AKTUATOR DIiZiSi
KULLANARAK NACA 0020 HAVA FOLYOSUNUN DURUSUNUN
GECIKTIRILMESINE YONELIK DENEYSEL CALISMA

Ozet: NACA 0020 kanat profili iizerinde sentetik jet mekanizmasi icin aktif akis kontroliiniin stall gecikmesi iizerindeki
etkisi hakkinda deneysel bir ¢aligma gerceklestirilmistir. Deneyler 5x104 Reynolds sayisinda agik emisli tip riizgar
tiinelinde gergeklestirilmistir. Sunulan deneysel caligmada, sentetik jet mekanizmasinda hoparlor tipi bir aktiiator
kullanilarak farkli orifis geometrilerine (silindirik, dikddrtgen, siniizoidal, v-tipi, egimli dikddrtgen) sahip kanadin
aerodinamik kuvvet o6lgiimleri incelenmistir. Tiim farkli orifis geometrilerinin NACA 0020 kanadinin stall agisini
geciktirmede etkili oldugu gézlemlenmistir. Ancak egimli dikdortgen tip sentetik jet geometrisinin kanadin stall agisini
geciktirmede en avantajli oldugu gozlemlenmistir. Aktiiatoriin geometrik parametrelerinin NACA0020 kanadinin
kaldirma ve siiriikleme katsayisi lizerindeki etkileri aragtirilmistir. Deneysel sonuglar, tim delikli geometriler arasinda
dikdortgen delikli geometrinin kanadin kaldirma katsayisini arttirmak i¢in en etkili oldugunu gostermektedir. Stall' un
meydana geldigi 10°'de siirliklemede maksimum azalma oldugu gézlemlenmistir. Ayrica dikdortgen, v-tipi ve egimli
dikdortgen orifis geometrilerinde 10°°den sonra siiriiklemede azalma oldugu goézlenmistir.

Anahtar Kelimeler: Aktif akis kontrolii, sentetik jet, NACA0020 kanat profili, siiriikleme ve kaldirma katsayisi, durma
kaymas1

NOMENCLATURE f  Excitation frequency [kHz]
FL  Lift force
Fp  Drag force
Cp Drag coefficient
CL Lift coefficient
D  Diameter of the cylinder [mm]
p  Fluid density [kg/m’]
p  Fluid dynamic viscosity [kg/(m.s)
Re Reynolds number [=UopD/p]
Uo Free stream velocity [m/s]
A Airfoil area [mm?]
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INTRODUCTION

Throughout history, people have experimented with the
dream of flying through the air. With the beginning of
human flight in the 18th century, many researchers tried
to increase the lift force and reduce the drag force by
making changes to the aircraft's structure and
configuration, aiming to improve the aerodynamic
performance of the system Therefore, the flow control
applications are used to delay or prevent undesirable
situations occurring in the flow. The aerodynamic flow
control is initially defined by Gad-el-Hak (2000) as a
method of appropriately changing the natural shape or
character of a desired section of a flow field. The flow
control methods cause changes in many factors such as
increase in lift, decrease in drag, delaying flow separation
etc. contributing to its acrodynamic performance.

Mainly, the flow control methods are classified as active
and passive methods (Geng et al. 2012; Joshi and
Gujarathi, 2016). The active or passive flow control
methods aim to change the flow field on an aerodynamic
body by using various techniques (Traub et al. 2004). The
passive control technique is a method that does not
require any external power. For example, vortex
generators, roughness, hump, groove and tip blade type
airfoil modification are defined as passive flow control
methods. Since passive flow control methods do not
utilize an external power, they cannot adjust the
components that change according to variable flow
conditions, such as different angles of attack and
Reynolds numbers, under desired conditions. The active
flow control techniques are methods that require an
additional power source. The active flow controllers have
many advantages in terms of increasing efficiency in
obtaining data at the right time and reducing power
consumption of control systems. The biggest advantage
compared to passive flow control methods is that they
can adjust actuators according to the changing variables
in the desired conditions. The piezoelectric, acoustic
(loudspeaker) and piston-cylinder mechanisms are used
as actuators in synthetic jet, which is one of the active
flow control applications. Mallinson et al. (2004), a
piezoelectric diaphragm and a speaker created using a
piston-cylinder mechanism as the moving surface were
investigated. Frequency and amplitude variation types of
actuators such as piston cylinder, speaker and
piezoelectric diaphragm have generally been created for
such purposes. In the piston-cylinder mechanism, the
frequency is lower and the amplitude is larger. However,
in piezoelectric diaphragms the frequency is high and the
amplitude is very low. The advantage of the speaker is
about its fast response time and controllability as a
synthetic jet mechanism, which is preferred in flow
control applications. Zhao et al. (2016) investigated
experimentally using speakers as actuators in synthetic
jetarrays. As a result of this experimental study, it is seen
that synthetic jet arrays are effective in delaying the flow
separation. It is also observed that it contributes to
delaying the airfoil stalling. Pulsed jet is an unstable type
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of a jet. Because they need an additional flow source and
produce instantaneous high velocity in the exit gap.
Pulsed jets can be created as fast-acting solenoid valves,
high-speed rotary sounder valves or structures with
rotating cavities (Critten et al, 2001). Fibre composite
materials occur by changing the shape of airfoil. It
contributes to improving aerodynamic performance in
different flight conditions. However, the morphing
aircraft wings created with fibre composite materials
always have disadvantages in terms of cost, complexity
or weight (Barbarino et al., 2011) In their study, Ahuja
and Burrin (1984) used it to control the flow of signal
generation in a given Reynolds number and angle of
attack for specific frequency generation in an audio
source connected to an amplifier. The synthetic jets,
which are one of the active flow control methods, attract
the attention of researchers because of their wide
application area. The Synthetic jet mechanisms are used
for many different purposes such as heat transfer
(Youmin et al. 2014), mixing vessels (Qingfeng et al.
2013), cooling of electronic devices (Chaudhari et al.
2010), separation control in aircraft wings (Gillarranz et
al. 2005), (Holman et al. 2003), increase in lift (Kim a
Kim, 2009), reduction in friction force (He et al. 2001),
boundary layer control (You and Moin. 2008) and stall
control (Yen and Ahmed 2012). An important advantage
of the synthetic jet mechanism is that it has a simple
working principle in which the liquid is sucked and
blown by the forward and backward movement of the
cavity diaphragm in an open pipe or channel. In the
periodic flow movement that occurs here, the fluid forms
a vortex ring in the cavity during blowing. This vortex
ring spreads outward at its own speed. During suction,
this liquid is drawn back into the cavity. By repeating this
periodic motion, synthetic jets are formed.

Studies of synthetic jet mechanisms began in the 1950s
with the study of acoustic flow by Ingard and Labate
(1950). Later, as synthetic jet studies became more
widespread as studies in this field expanded in the late
20th century. Smith and Glezer (1998) carried out
extensive studies on this subject and introduced the term
'Synthetic Jet' to the literature. After the 21st century,
numerical and experimental studies on the structures of
synthetic jets have become widespread (Travnicek 2005).
The use of loudspeakers in synthetic jets is preferred
because it is easy to integrate into the system and has a
short response time. The synthetic jet mechanism is
affected by the actuator, its geometric form and related
fluid parameters (Hong, 2020). Zhang et al., (2015)
numerically examined the frequency variation of the
actuator parameters of the synthetic jet mechanism. In the
models created in their study, it was observed that the
heat transfer has increased with the increase in the
frequency. Feero et al. (2015) examined the effect of jet
structure in the orifice of a change in the diaphragm
cavity. In this study, the performance of cylindrical,
conical and curvilinear contraction structures in the
cavity structure of the diaphragm was investigated. As a
result of the study, it was observed that the cavity
oscillation had the best performance in the curvilinear
cavity. Although the synthetic jet mechanism is relatively



new active flow control method, it has been observed that
it is an effective method in many areas such as flow
separation around the wing, shifting the stall angle, and
increase in lift and decrease in drag. In a study by Seifert
et al. (1996), a synthetic jet mechanism, which is one of
the active flow control applications, was used for the
NACA 0015 airfoil. In this study, it reported that
synthetic jet mechanism was effective in delaying the
stall. Hassan (2006) numerically investigated the stall
control in a two-actuated jet array used in the airfoil. As
a result of the study, it is determined that when the
existing two-point hybrid active flow control strategy is
used instead of a single point at a certain angle of attack
of the airfoil in the jet array, the improvement post-stall
lift-drag ratio. Amitay et al. (2001) investigated flow
separation using synthetic jet actuators on a symmetrical
airfoil. It has been observed that the momentum required
to recombine the separated air decreases as the actuator
approaches the separation point. Zhang and Zhong
(2009) observed flow control in water by creating a series
of circular synthetic jet structures in the airfoil. In their
study, a laser-induced fluorescence was used for flow
visualization. It has been determined that in separated
flow, flow separation occurs in two or three high flow
velocity lines.

Collins and Zelenevitz (1975) studied the Reynols
number between 25000 and 53000 using a synthetic jet
mechanism in an airfoil. A loudspeaker was placed on the
surface of the airfoil. The experiments were performed
by generating a constant sound wave until partial bonding
occurred. As a result of the experiments, it was observed
that the lift greatly increased as the amplitude value of
the acoustic stimulation increased. Zaman and McKinzie
(1991) studied the acoustic effect in a two-dimensional
airfoil with Reynolds number between 25 000 and 100
000. The Smoke wire flow visualization and hot-wire
anemometry were used to support the experimental setup.
In addition, in this study, frequency variation was
investigated by keeping the excitation amplitude
constant. In the experimental results, it is observed that
there is an increase in the Cv lift coefficient. Yarusevych
et al. (2003) studied acoustic excitation in a NACA 0025
airfoil at Reynolds numbers 57 000, 100 000 and 150 000
and at three different angles of attack (0, 5 and 10
degrees). In the study, a hot wire anemometer was used
for velocity measurements. As a result of the experiment,
it was observed that the optimum frequency and
amplitude values of acoustic stimulation varied
depending on the Reynolds number and attack angles.
Guagqing et al. (2016) experimentally investigated the
NACA 0025 airfoil on the airfoil using the synthetic jet
mechanism from the active flow control method. In this
study, they examined the effect on synthetic jet locations.
In addition, the effect of the angle change in the synthetic
jet inlet was investigated. As a result, jets located close
to the front of the airfoil were more advantageous in
delaying the stall. In addition, it has been determined that
the performance of jet arrays in flow control application
is more effective than single actuator performances.
Moreover, it has been observed that the aerodynamic
performance of the lifting force has been improved.

In this study, one of the active flow control applications
is used to examine the flow control effects of Reynolds
number 50 000 on the NACA 0020 airfoil in a synthetic
jet mechanism using a loudspeaker as an actuator. In
addition, in this study, it is aimed to investigate the
contribution of the flow control around the airfoil of the
orifice jet geometries named in five different structures
as cylindrical, rectangular, sinusoidal, V-type and
inclined rectangular. The experimental study is carried
out in an open suction wind tunnel. It is aimed that
different orifice jet geometries can shifting the stall angle
formed on the airfoil and contribute to aerodynamic
properties such as improvements in drag, lift force and
stall.

EXPERIMENTAL SETUP
Airfoil Model and Synthetic Jet Design

In this study, 40 mm loudspeakers are used as the
synthetic jet mechanism as shown in Figure 1. In this
experimental study, five different models are selected to
examine the effects of the jet structures in different
orifice geometries of the synthetic jet mechanism. The
orifice models of the synthetic jet mechanism are
determined as circular, rectangular, sinusoidal, V-type
and inclined rectangular. The circular (Lee et al. 2012
and Zhao et al. 2016) and rectangular (Abdou et al. 2006)
orifices are used in the literature. In addition, three new
different geometries are also used as namely as
sinusoidal, V-type and inclined rectangular to control the
flow around the airfoil. Figure 2 shows orifice geometries
in different geometries. When Guoqing et al. (2016)
examined the position of the synthetic jet mechanism in
their study; maximum lift coefficient and stall were
observed when it was close to the leading edge. In this
study, considering the airfoil and the dimensions of the
speaker, it is positioned at approximately %21 of the
chord as the closest position to the leading edge.

Orifice of
synthetic jet

Sealing between
actuator and cover

kY Cavity

Figure 1. Assembly of the jet actuator in the airfoil model
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Figure 2. Design of 5 different orifice geometric models in a
synthetic jet actuator
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Figure 3. The loudspeaker used as the actuator in the synthetic
jet mechanism a. Systematic wiring diagram b. Connection
equipment in the experimental setup c. Illustration of each
connection of the speaker actuator

In the study of Paula et al. (2017), NACAO0012,
NACA0020 and NACAO0030 airfoils were examined at
low Reynolds number (MAV and UAV operating
conditions). As a result of the study, it was seen that
although the profile drag increases as the wing thickness
increases in airfoil design, thicker airfoils are more
suitable in terms of maximum lift values. In the light of
this study, the selection of the NACA 0020 airfoil model
was also made by taking into account the dimensions of
the actuator, the assembly of the actuator arrays and the
location of the actuators at low Reynolds number (MAV
and UAV operating conditions). NACA 0020 airfoil
model is designed with a span length of 300 mm and a
chord length of 150 mm. In design of the wind, five 40
mm-long speakers, are used as synthetic jet actuator
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array, are placed on the airfoil profile at equal intervals.
Figure 3a shows the loudspeaker electrical connection
diagram. Figure 3b shows the connection of the system
to the computer and the Arduino. In Figure 3c, each
connection of the loudspeaker actuator is numbered. In
Figure 3c, all green, and white cables were connected to
the "-" output of each amplifier for speaker connection in
connections 1, 2, 3, 4, and 5, respectively. Black, white,
blue, red and yellow 22 AWG cables were connected to
the "+" output respectively. Connection cable number 6
is brown coloured to the "-" output of the adapter, and a
red cable is connected to the "+" output. Arduino Uno is
used as the signal driver in the speaker connection circuit.
The circuit is completed by connecting a grey cable to the
GND input at connection number 7 and a white cable to
pin number 10. In order to prevent the amplifiers from
overheating, a 12V 2A fan has been added to the system.
Finally, the operating frequency of the experiment (Tiiren
and Yavuz, 2023) is created at 2, 4 and 8 Hz, with a
constant pulse width of 1%.

The NACA 0020 airfoil is selected, taking into account
the size of the actuator and the placement of the actuator
arrays in the airfoil model. The NACA 0020 airfoil is
designed by taking the chord length as 150 mm and the
span length as 300 mm. The first design of the NACA
0020 aircraft wing is modelled in the Computer Aided
Design (CAD) software, as seen in Figure 4.

b.

a.

Figure 4. a. Loudspeaker placement image of NACA 0020
airfoil in CAD software b. Image of top cover designs of NACA
0020 airfoil in CAD software

Then, the parts of the designed airfoil profile are
produced by using a Three-Dimensional Printer (3D
printer). There are parts of the airfoil as seen in Figure 5.
After the airfoil model is produced on a 3D printer, its
surface is first sanded with P320 sandpaper. Then,
polyester body filler is applied to the model surface and
the airfoil is mounted. The model surface is finally
sanded smooth with P2000 sandpaper. Finally, the
smoothness is achieved by painting the model. Table 1
shows the parameters of the airfoil in the experiment and
the loudspeaker used as a synthetic jet actuator.



c.
Figure 5. NACA 0020 airfoil a. Pre-assembly view of
loudspeakers and cables b. Assembled top view c. Assembled
side view and airfoil assembly image without slides

Table 1. Parameters of airfoil and jet actuator

PARAMETERS VALUE
Chord x Span (mm) 150 x 300
Width.x lenght of jet 05x2

orifice (mm)
Size of jet asctuator 40 x 40 x 18
(mm”)
Resistance of actuator 4
(D))
Rated power of 5

actuators (W)
Wind Tunnel

The experiments are carried out in the wind tunnel
located in the Aerodynamics Research Laboratory of
Nigde Omer Halisdemir University, Department of
Mechanical Engineering. This wind tunnel is an open
suction type wind tunnel with the test section having a
cross section of 570 mm x 570 mm and a length of 1000
mm. The experiments on flow control around the NACA
0020 airfoil are carried out in a wind tunnel at a Reynolds
number of 50000 and a free stream speed of 6.2 m/s.
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Starting from the entrance of the test area in the wind
tunnel, speed scanning is carried out in horizontal and
vertical directions using a hot wire anemometer (Dantec
Multichannel CTA and 55P11 probe). Turbulence
intensity is found to be around 0.5% in the region outside
the boundary layer region where uniform velocity
distributions are obtained. The experimental setup of the
wind tunnel is shown in Figure 6. NACA 0020 The chord
length and span length of the airfoil are defined as 150
and 500 mm, respectively. Two end plates are used and
their diameter is chosen as 300 mm. The wing profile is
mounted in the wind tunnel section made of Plexiglas

material.
‘.
“l Cold Light Source |
Probe : ‘

-_‘F i Test del 1

1 Wind Tunnel
Test Section

Loud Cell
Traverse

Control
Equipment |

Figure 6. Wind tunnel experimental setup

In the 3D printer, the main body of the airfoil model is
produced from PLA+ filament with 1.75 mm diameter.
In addition, end plates made of Plexiglas material is
added to the two ends of the airfoil model and the whole
model is assembled. As seen in Figure 7, the airfoil is
placed vertically on the test setup in the wind tunnel.

Force Measurement

ATI Gamma model six-axis load force is used to measure
the drag and lift force of the test model. It is mounted on
a computer-controlled rotating unit to measure the angle
of attack of the test model. Measurements are taken at a
sampling frequency of 300 Hz and the average of every
100 measurements is taken to record 3 measurements per
second. The measurements lasted 25 seconds and 2500
data are taken for each experiment. These experiments
are repeated twice in each experimental session. Angle of
attacks for the force measurement is varied between 0°
and 18° with an increment of 1°. Uncertainty for the force
measurement is calculated to be lower than +3%. The
experiments are repeated and hence the error rate is
minimized. To determine the net forces acting on the
airfoil, the connection plates between the end plates,
retaining rod and model are subtracted from the total
force. Considering the interface effect, the forces acting
on the retaining rod and the lower end plate are measured
together. The test model, consisting of the upper end
plates, the airfoil model and the connecting elements
between the model, the bottom end plate and the retaining
rod, is prepared and mounted in the test section of the
wind tunnel. As a result of these measurements, the force



acting on the lower end plate is calculated. The force
acting on the bottom end plate is also considered as the
force acting on the upper end plate. As a result of these
experimental studies, the net force acting on the airfoil is
determined based on the interface effect. These
experimental steps are repeated for all angles of attack.
Lift force was defined as
Fi=p.Us"A.C, (1)
p is the density of the fluid flowing in the tunnel, Uo is
the free stream velocity of the fluid flowing in the tunnel,
A is the upper airfoil area, Cvis the lift coefficient. Drag
force is defined as,

Fo=p. Up*A. C, Q)
p is the density of the fluid flowing in the tunnel, Uo is
the free stream velocity of the fluid flowing in the tunnel,
A is the area, CLis the drag coefficient.

Figure 7. The vertical view of the airfoil in the wind tunnel
EXPERIMENTAL RESULT

In this study, the effect of drag and lift force of 5 synthetic
jet actuators placed linearly along the NACA 0020
aircraft wing is examined. Aerodynamic force
measurements are made at 50000 Reynolds number (with
+4% uncertainty). Mueller (1999) described MAVs and
UAVs as being compatible with flow conditions in this
Reynolds number range. The operating frequency
applied in the experiment is examined at 2, 4 and 8 Hz
using a total of 5 loudspeakers of 4 ohms and 5 Watts. Jet
outlets with 2 mm orifice lengths are examined in
cylindrical, rectangular, sinusoidal, v-type and inclined
rectangles. As reported by Tiiren and Yavuz (2023), as a
result of the experiments conducted at 4 Hz with a fixed
pulse width ratio of 1%, flow structures with different
orifice geometries are formed at the best flow jet exits.
As reported by Geng et all. (2016), the force
measurement are measured at 2 © intervals. Post-stop
measurements are made in 1° increments to obtain the
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necessary data. In this study, in force measurement
experiments, lift and drag coefficients are measured at
50000 Reynolds number, between 0°-18° angle of attack,
with a 1° measurement interval. Force measurements are
made with the loudspeaker on and the loudspeaker off. In
these experiments, lift and drag coefficients in different
jet geometries and their effects on stall characteristics are
investigated by using the loudspeaker as an actuator. The
lift (Cr) and drag (Cp) coefficients are calculated and
plotted for the attack angle o of the airfoil. In Figure 8,
the lift and drag forces on the NACA 0020 airfoil are
measured when the loudspeakers are turned off. To
provide a reference for comparison, the loudspeaker off
condition is defined as basic model. In this case, the
repose angle of the NACA 0020 airfoil is approximately
10 degrees. The 10° angle of repose in measurements
made with the speaker turned off also supports the
baseline measurements in the study of Ethiraj and Pillai
(2021). In Figure 8, when the speaker is off, the Cr value
is 1.068.

Figure 8, a delay in shifting stall is observed in all
synthetic jet orifice models except the inclined
rectangular orifice model with linear and spaced
synthetic jet actuators. The main reason for this appears
to be due to the activated synthetic jet actuator, actuator
position and orifice jet structures. The maximum lift
coefficient and stall angle shift are observed when close
to the leading edge (Guoqing et al., 2016).

In the first step of the presented study, the cylinder orifice
model placed in the synthetic jet actuator is activated. It
is observed that the increase in the best lift coefficient in
the Cylinder orifice synthetic jet actuator occurred at 4
Hz frequency, compared to the loudspeaker actuator off
condition, by 8%. In the cylinder orifice, there is an
increase in the lift coefficient at frequencies of 2 and 4
Hz, but it is observed that it started to decrease again after
the frequency of 8 Hz. The reason for this is that after a
certain frequency increase, it causes a loss in lift
coefficient due to distortions in the vortex structures that
occur at the orifice jet exit. The cylinder orifice is shifted
stall angle from 10° to approximately 13° in the synthetic
jet actuator array. This means that despite a low increase
in the lift coefficient in the cylinder orifice structure, a
significant change in the shifted stall angle is observed.
In Figure 8b, as the operating frequency increases in the
Rectangular orifice synthetic jet actuator, the lift
coefficient increases. As a result, a better improvement
(about 17%) in the buoyancy coefficient is observed with
increasing frequency compared to the cylinder orifice
model. This seems to be due to the effect of vortex
structures formed at the cylinder and rectangular orifice
jet exit. Wang et al. (2017) observed that the vortex area
of the rectangular orifice is larger compared to the
cylindrical orifice shape. Additionally, a 3° shift in the
stall angle was observed in the rectangular orifice
synthetic jet actuator array. In the V-type orifice synthetic
jet actuator, the coefficient of lift force increases linearly
with the stall angle. In Figure 8c, as the operating
frequency increased, the lift coefficient increased and it
is observed that there is an improvement in the best lift



force (approximately 17%) at 8 Hz. A decrease in the lift
coefficient is observed compared to the rectangular
orifice. The main reason for this is due to the angular
structure of the model, distortions occur in the jet
structures formed at the orifice exit. It has been observed
that these deteriorations lead to a decrease in the lift
coefficient and the angle of stall. In this orifice structure,
the stall angle creates a 2° translation. In Figure 8d, a 16%
improvement is observed at the highest lift coefficient
and 10° angle of attack at 2 Hz operating frequency in the
sinusoidal orifice synthetic jet actuator. While the stall
angle is only shifted by 1° at 2 Hz, a shift of 4° at 4 Hz
and 5° at 8 Hz are observed with increasing frequency.
Although the maximum lift force decreased at 4 and 8
Hz, the aircraft wing does not enter the stall immediately
after the stall angle and the lift coefficient remains at 1.18
levels. It appears that the lift coefficient curve is
horizontal at 4 and 8 Hz and then stalls, due to the
disruption of the 'laminar separation bubble' formation on
the suction surface of the airfoil at low Reynolds numbers
by the synthetic jet actuator. In Figure 8e, it is observed
that as the operating frequency increases, the lift force
coefficient increases and there is an improvement in the
best lift force (about 12%) at 4 Hz.

Although there is an increase in the lift coefficient of the
Inclined rectangular orifice model compared to the
cylinder orifice model, a smaller improvement (about
12%) is observed compared to the other orifice structure.
In this orifice model, similar to the sinusoidal geometric
structure, the lift coefficient remained constant for a
while before stalling and then stalled. In the Inclined
rectangular orifice synthetic jet model, it is observed that
there is a translation of 4° at 2 and 4 Hz and 5° at 8 Hz.
It has been observed that the synthetic jet mechanism is

—=&— Loudspeaker off
—e— Cylinder (2Hz)
—a— Cylinder (4Hz)
—*— Cylinder (8Hz)
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effective in shifting the stall angle in 5 different synthetic
jet orifice models. Guoqing et al. (2016) supports the
study that the synthetic jet mechanism created using a
speaker jet array is effective in analysing the stall control
effects of the airfoil. Thus, with the presented study,
higher lift coefficient effects are observed and separation
is taken under control.

In the NACA 0020 airfoil, in Figure 9, firstly, when the
loudspeaker actuator is closed in the synthetic jet
mechanism, the drag coefficient (Cp) increases with the
angle of attack. It is observed that the Cp of the NACA
0020 airfoil increased by up to 10 degrees, except for the
cylinder orifice model. However, after the stall angle, the
drag coefficient gradually increases in all orifice
structures. As seen in Figure 11, 4 Hz operating
frequency is more effective than 2 Hz operating
frequency in reducing the drag coefficient. However, at
the 8 Hz operating frequency, it causes irregular
fluctuations. The main reason for this is the fluctuations
in the flow structures formed in orifice jet models.
Especially in inclined rectangular models, unstable
fluctuations in the drag coefficient are quite high at 8 Hz
operating frequency. This causes a negative effect on the
wing. Additionally, in rectangular, V type, inclined
rectangular orifice models, it is observed that 2 Hz
operating frequency is more effective in pre-stall
situations, but 4 Hz operating frequency is more effective
after stopping. Among the orifice models in the synthetic
jet mechanism, the minimum improvement, called the
reduction in drag coefficient, is at 8° angle of attack
(about 20%) at 2 Hz of the cylindrical model, while the
maximum improvement is sinusoidal at 4 Hz at 8° angle
of attack (about 80%) and inclined rectangle at 8§ Hz.
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Figure 10. Lift to drag of the NACA 0020 airfoil synthetic jets at Reynolds number 50 000 a. cylinder b. Rectangle ¢. Sinusoidal
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Mueller (1999) observed that the lift and drag coefficient
of a smooth airfoil can vary significantly in the range of
10000 to 100000 Reynolds numbers. In the light of these
observations, it is observed in our study that the flow in
the different orifice synthetic jet mechanism causes
shifting in stall, increase in lift coefficient and decrease
in drag coefficient.

In this study, it was observed that the different orifice
models presented in Figure 9 play a critical role in
reducing the drag coefficient. In Figure 10, in the lift-
drag ratio graphs of 5 different orifice models in the
synthetic jet mechanism, improvements are observed for
all models when compared to the basic model with the
loudspeaker off. As a result of this study, when the
aerodynamic forces are analyzed and interpreted
together, different orifice structures have shorter take-off
distances and fuel consumption is saved for the same
journey. When comparing the loudspeaker off model of
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the NACA 0020 airfoil with other orifice models, the
flight range is extended with improvements in the lift-
drag ratio in the aerodynamic design.

To demonstrate the reliability of the lift coefficient at low
Reynolds number (Dajun and Takafumi, 2018), the
fluctuation of the lift coefficient in a randomly selected
time interval is seen in Figure 11. It can be seen that there
is a stable fluctuation structure when the loudspeaker is
off and the wavelength increases slightly after the stall
angle. When orifice models are tested with frequencies
of 2, 4 and 8 Hz, it is observed that wavelengths increase
with increasing frequency and wavelength frequency
increases. Additionally, when the graphs are compared
with the lift coefficient graph, it is observed that the
periodic oscillation increases after the stall angle in each
of them, and these oscillations and the lift coefficient (Cr)
fluctuation are directly related to each other.
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Figure 11. Fluctuating lift coefficient of the NACA 0020 airfoil in closed synthetic jets at Reynolds number 50 000 a. Loudspeaker
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CONCLUSIONS

The main objective of this study is to investigate the
effects of different orifice geometries on shifting the stall
angle in the synthetic jet mechanism. In addition, the
effects of different orifice geometries on the airfoils lift
coefficient and drag properties are investigated by
varying the angle of attack. Based on the presented
experimental data, some significant results obtained are
as follows:

It has been observed that the use of synthetic jet for flow
control has a potential for enhancing the aerodynamic
performance. It has been noted that synthetic jet
mechanisms based on different orifice geometries have
delayed the stall with geometry based differing
performance levels.

The orifice geometry, which is most effective in shifting
the stall angle, shifted the inclined sinusoidal orifice stall
from 10° to 14° in 4 Hz and from 10° to 15° in 8 Hz. In
addition, it is observed that the stall angles are shifted
from 10° to 13° for cylinder, rectangular, and from 10° to
12° for V-type orifice structures and from 10° to 11° for
inclined rectangular. According to the results of these
experiments, different orifice models have found to be
effective in shifting the stall angle.

When the different orifice geometries in the NACA 0020
airfoil are examined, an improvement of approximately
17% in the lift coefficient is observed at 8 Hz and 11°
angles of attack for the rectangular and V-type orifice
models.

In the NACA 0020 airfoil, when stalling occurred, an
80% decrease in the drag coefficient is observed at its
maximum value at 8§ Hz for the rectangular and
sinusoidal models at an angle of attack of 8 degrees, and
an outstanding improvement in the drag coefficient is
observed. In 8 Hz operation in the inclined rectangular
orifice structure, irregularity occurred in the drag
coefficient. As a result, this irregularity in the drag force
that occurs as the frequency increases has a negative
effect on the airfoil.

The study presents results regarding its contribution to
the improvements in aerodynamic performance of
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synthetic jet mechanisms for different orifice geometries
on the NACA 0020 airfoil. It contributes to acrodynamic
performance by increasing the lift force by
approximately 17% and the decrease of drag force by up
to 80%. These results contribute to the literature on
aerodynamic performance improvements of airfoils in
the rapidly developing aircraft industry.
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